Abstract. Detonations are supersonic combustion fronts, which are prone to be unstable and chaotic, all the more since losses are invoked. It is thus mandatory to get their proper mean structure in order to quantify the relative importance of the different mechanisms of losses. Indeed, in this case, the detonation velocity differs from that given by the ideal ChapmanJouguet (CJ) model. It will also be shown that the energy related to the mechanical Àuctuations constitutes another source of energy withdrawal. This physical analysis relies on numerical simulation of the longitudinal unstable modes of detonation, including losses. It is based on the integration of the hyberbolic equations with source terms, using high-order numerical schemes: third-order Runge-Kutta scheme for temporal advancement, ¿fth-order Weighted Essentially Non-Oscillatory for the convection discretization, Strang splitting for the coupling with stiff source terms, together with adaptive mesh resolution. It is indeed necessary to re¿ne the mean subsonic reaction zone, which has been de¿ned along the Master Equation, deduced from the Favre-averaged equations.
INTRODUCTION
A detonation wave is a supersonic front, where a leading shock is strongly coupled with a reaction zone. Chemical decomposition then occurs until the fresh mixture is completely converted into products. The strong coupling between the shock and the reaction zone makes the detonation wave self-similar. The minimum self-sustained detonation velocity is the ideal Chapman-Jouguet (CJ) detonation speed. The inner structure of the detonation wave can be determined from the ZND (Zel'dovich, von Neumann, Döring) model, which relies on the steady one-dimensional Euler reactive formalism. For CJ detonations, the end of the reaction zone is characterized by the sonic condition in the reference frame attached to the shock [1] . In real situations, the propagation of detonations is closely related on the nature of the con¿nement. The detonation velocity is then lower than the theoretical CJ value. The present study focuses on the inÀuence of the dissipative effects on the detonation front. Indeed, momentum and heat losses lead to a de¿cit of energy supporting the propagation of the detonation wave. Therefore, they must be introduced into the governing equations to study the detonation propagation and its limits. In the steady case, the generalized CJ criterion [1, 2, 3] is inferred. However, this criterion must be again generalized to account for the Àuctuations in the reaction zone [4] , which come from the oscillations of the incident leading shock, for unstable detonations. We also show that the losses render the detonation more instable [5, 6] . The use of higher-order numerical schemes is necessary as in detonation phenomenon, the shock dynamics is related to the dynamics of the von Neumann spike, which is a local extremum of the Àow¿eld.
GOVERNING EQUATIONS AND NUMERICAL APPROACH
The one-dimensional unsteady reactive Euler equations with friction and heat loss (Zel'dovich model) is
U = (ρ, ρu, ρE, ρY) is the conservative vector, F = (ρu, ρu 2 + p, ρEu + pu, ρYu) the convective Àux and S = (0, f , q th , Ú ω) the source term. τ and χ are the coordinates in the laboratory frame. ρ, u, p and E are the density, the velocity, the total energy E = e + u 2 /2, respectively. e = p/(γ − 1)ρ + Y q is the internal energy, Y the reactant mass fraction, q the heat of reaction, γ the polytropic coef¿cient. f = −c f ρ|u|u/2d is the drag force, c f follows the Blasius law. The viscosity coef¿cient is determined according to the Sutherland's formula. The heat loss is q th = −h c (T − T w )/2d, where h c = ρc p |u|c f /2 is obtained via the Reynolds analogy. c p , T , T w and d are the heat capacity, the temperature, the wall temperature and the diameter of the tube, respectively. A simple Arrhenius exothermic source term Ú ω = −AρY exp(−E a /RT ) is used to model the chemical reaction. Both reactants and products are perfect gases, with the same molecular mass and speci¿c heats. A and E a are the pre-exponential factor and the activation energy, respectively. In the steady case, we can retrieve the ZND Master Equation (ME ZND ) from Eq. (1) [6, 1] . In the following, velocities are written in the shock-attached frame. x is the distance from the leading shock.
where
q th , c the thermodynamic sound speed and M the Mach number. The zone between the incident shock and the sonic location de¿nes the steady subsonic reaction zone, which can be compared to the unsteady solution. The averaging procedure proposed by [7] is modi¿ed to account for the shock unsteadiness. We propose to undergo the Favre-averaging process in the system of coordinates attached to the instantaneous shock front. The averaged ¿eld is thus conditioned by the instantaneous shock position. From the Favre-averaged equations and the balance of k, we get the following Master Equation (ME)
where c 2 T = c 2 + c 2 t is the effective speed of sound,c 2 = γ p/ρ is the thermodynamic sound speed and c 2 t = 6k is the speed related to the mechanical Àuctuations energy k = u 2 /2. The associated effective Mach number is M T =ũ/ c T . φ is the thermicity, which is the sum of following contributions
The only exothermic contribution is the chemical heat-release φ chem . φ visc represents the effect of the drag forces and φ th the heat losses. Two new contributions arise: φ acc which comes from the acceleration of the shock front and φ f luc which represents the effect of the mechanical Àuctuations. In order to capture properly the longitudinal unstable modes, we need to re¿ne the resolution of the subsonic reactive zone, which is isolated from the burnt gas Àow. Local mesh re¿nement is thus worthwhile in the vicinity of both the shock wave and the subsonic reaction zone. In this study, the adaptive mesh based on the stretching function of Robert et al. [8] is used. The transformation from computational (0, ξ ) to physical (0, x) spaces is made using the mapping function ξ = ξ (x) and ∂ /∂ x = ∂ ξ /∂ x · ∂ /∂ ξ where ∂ ξ /∂ x is the metrics. Eqs. 1 can then be cast in the following form ∂U ∂t
The time operator ∂U/∂t is advanced using a third-order Runge-Kutta TVD scheme. For the spatial derivative, ∂ F/∂ ξ , a ¿fth-order Weighted Essentially Non-Oscillatory Schemes (WENO5) is used [9, 10] . The coupling between the hydrodynamic solver and the source terms is made through the Strang splitting scheme.
RESULTS AND DISCUSSION
To quantify the relative effects of friction and heat losses on the detonation, two cases are conducted. In the ¿rst case denoted A, only friction is activated (adiabatic case). In the second case denoted B, both friction and heat losses are activated. In each case, two tests are performed using two different values of the activation energy. In what follows, the subscripts a and b correspond to E a /RT 0 = 22 and E a /RT 0 = 27, respectively. In the numerical tests, γ = 1.2, q/RT 0 = 50, x 1/2 = 265 μm is the half reaction zone (for E a /RT 0 = 27), A = 3.23 × 10 −7 1/s, p 0 = 0.1 MPa and T 0 = 300 K. In order to study the long-time behavior of the shock front, the shock-attached frame transformation is employed to reduce CPU time and memory consumption. The dimensionless length of the computational domain is L * = L/x 1/2 = 189, L = 50 mm with a total of 6200 grid points. A ¿ne and uniformly spaced mesh of approximately 132 pts/x 1/2 is used to capture the shock front and the reaction zone. This grid resolution is based on the ¿ndings of [11] . The mesh is then stretched in the upstream region (unburnt gas) and in the downstream (expansion waves) to allow the Àow relaxing towards the far ¿eld boundary conditions. Mean and Àuctuations quantities are sampled and extracted over more than 30 cycles of shock movement (96 h CPU).
Various snapshots of the pressure pro¿les are depicted in Fig. 1 -Left. The shock pressure is shown in Fig. 1 -Right as a function of time. These results show the highly non-linear behavior of the shock front as well as the Àuctuations present in the reaction zone. In order to characterise the mean subsonic reaction zone, the averaging procedure was achieved in the instantaneous shock attached frame. We get then the mean pressure pro¿le in the detonation reaction zone in Fig. 2 -Left, which greatly differs from that of the steady generalized ZND pro¿le. distribution of the Mach number function 1 − M 2 and the adimensionalized thermicity φ * as a function of the distance from the mean leading shock. Both vanish at the sonic location, which isolates the subsonic reaction zone from any acoustic disturbance from downstream. The sonic plane is located at 2.39 x 1/2 for ME ZND (see Eq. 2) and 3.38 x 1/2 for ME (see Eq. 3). The presence of Àuctuations tends to lengthen the mean subsonic reaction zone. This means that the decay of the mean mechanical Àuctuations and the heat release is larger compared to the steady case. If we consider the mean sonic locus as the location above which the Àow is isolated from the downstream Àow, it cannot be considered as the mean position of the separatrix of forward characteristics. Indeed, in presence of shock oscillations, the perturbations can propagate through the downstream characteristics (right-facing pressure waves) into the whole Àow. The region of the Àow which inÀuences the shock dynamics through the left-facing waves is thus greater and should then be determined by ME of Eq. 3.
We want now to quantify the relative importance of friction and heat losses on the detonation velocity de¿cit. Fig. 3 shows the detonation velocity as a function of the inverse dimensionless diameter. The de¿cit of detonation velocity increased with the reduction of the diameter, i.e. with the increase of wall dissipative effects. When heat losses are present, the de¿cit of velocity is naturally higher, compared to the adiabatic case. In the case of E a /RT 0 = 22, Àuctuations begin to appear at x 1/2 /d = 1.32 in the adiabatic case and at x 1/2 /d = 0.93 when heat losses are taken into account. Moreover, when we increase the activation energy E a /RT 0 from 22 to 27, the detonation is always unstable and the Àuctuations are always present [1] . We can observe that the mean solution deviates from that of the steady ZND solution and that the difference between the mean and ZND steady solutions signi¿cantly increases.
CONCLUDING REMARKS
We have discussed the inÀuence of friction and heat losses on the propagation of one-dimensional detonation waves. The detonation velocity is thus lower than that given by the ideal CJ model. We have de¿ned an averaging procedure which accounts for the unsteadiness of the shock front and the corresponding Master Equation.
Relying on simulation of longitudinal unstable modes of detonation using WENO5 schemes, the numerical results also indicate that the mechanical Àuctuations act as an energy sink and modify deeply the inner structure of the detonation reaction zone. 
